Abstract-This paper discusses the development and testing of a C12A7 electride hollow cathode. C12A7:e − is a crystalline ceramic in which electrons clathrated in subnanometer sized cages act as a conductive medium. C12A7:e − has a predicted work function of 0.6 eV and hence is of interest in electron emission devices. A 6-mm diameter hollow cathode was fabricated with a C12A7:e − insert and operated for over 50 h on xenon with no signs of degradation. It was successfully started at room temperature without a heater and steady state operating temperatures below 650°C were observed during some tests. In addition, the C12A7:e − cathode was operated on iodine for over 20 h at discharge currents up to 15 A.
I. INTRODUCTION
T HERMIONIC hollow cathodes are the primary electron source in many electric propulsion applications, as well as in a number of ground-based devices such as gaseous lasers and plasma processing sources. They are often preferable to filament sources due to their increased robustness and lifetime. Hollow cathodes are cylindrical in shape and consist of an orificed tube with a low-work-function material placed inside [1] , [2] . The ease with which the electrons are emitted off, the insert is related to the work function of the material [3] - [5] . Lower work function indicates equivalent emission can be obtained at lower temperatures.
The calcium-aluminate phase 12CaO-7Al 2 O 3 , denoted as C12A7, is a novel material found to have properties suited to electron emission when in the electride form due to its low work function, which is derived from its unique structure. C12A7 has a naturally formed nanostructure, in which subnanometer-sized cages are solvated in an amorphous matrix [6] . In the electride form (C12A7:e − ), electrons are trapped within the positively-charged cages to neutralize the structure, and are free to hop between cages causing the material to be conductive. If the electron density is high enough, the electrons cease to be localized in the cages and the material exhibits a characteristically metallic mode of conduction. Manuscript This is the first and to date, only inorganic electride has been discovered that is stable at high temperatures [7] , [8] . The stability is attributable to the cage structure as well as the fully oxidized nature of the matrix.
The work functions of current state-of-the-art hollow cathode insert materials lanthanum hexaboride (LaB6) and cerium hexaboride (CeB6) are near 2.7 eV, while the work function of barium-impregnated porous tungsten (Ba-W) is near 2.1 eV [9] . LaB6 and CeB6 are generally heated to ∼1600°C to obtain sufficient levels of emission, while Ba-W is heated to ∼1000°C [9] . These temperatures require well-made heaters and good thermal insulation. Furthermore, Ba-W cathodes are more susceptible to poisoning as well as high rates of evaporation if operated at high current [9] . In contrast, the work function of C12A7:e − has been measured in field emission tests to be as low as 0.6 eV, due to its large lattice structure [10] - [12] . This letter describes a C12A7:e − one-step fabrication process, and the preparation process by which we integrated the fabricated electride into a hollow cathode and the various challenges that arise. The operation of the C12A7:e − hollow cathode is characterized, including its performance at high currents and when running on xenon and iodine.
II. EXPERIMENTAL SETUP AND CATHODE FABRICATION
C12A7:e − was fabricated through a one-step procedure in a vacuum furnace capable of reaching temperatures of 1800°C [13] , [14] . The precursors (CaCO 3 and Al 2 O 3 ) were mixed in a 12:7 stoichiometric ratio and carefully ground with a mortar and pestle to minimize the crystal size and help facilitate a solid-state reaction. The mixture was then heated to 1700°C over a several hour period in vacuum in a crucible fabricated from fine-grained graphite. After heating, the crucible was cooled to below the recrystallization temperature within 30 min. The graphite crucible was found to be necessary for the successful formation of C12A7:e − . The graphite supplies carbon anions to occupy the subcages and permit the formation of the lattice, which evacuate upon cooling leaving behind their electrons [10] .
The prototype hollow cathode was constructed from a 6.35-mm diameter tantalum tube with a thoriated tungsten orifice plate. The downstream end of the tube was wrapped with 10 layers of radiation shielding made from 0.0127-mm thick tantalum foil. Unlike traditional hollow cathodes, no heater was incorporated in the design. A single graphite enclosed keeper was placed around the cathode barrel. The keeper orifice was 2.54 mm and the orifice plate was placed 1.27 mm downstream from the cathode orifice plate. This construction is shown in Fig. 1 .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In testing configurations in which the temperature was measured, the enclosed keeper was replaced with an external tantalum wire loop. In this configuration, a 1.5-mm diameter tantalum wire was bent into a loop 6.3 mm in diameter, which was placed 1.27 mm downstream from the orifice plate. A thermocouple was spot welded to the barrel as close to the junction between the orifice plate and the barrel as possible.
The C12A7:e − emission surface was made from electride slivers cut from the graphite crucible with a diamond-coated dremel blade. A single sliver was inserted into a small graphite tube that was 2.54-cm long and 5.08 mm in diameter with an orifice of 1.9 mm on its downstream end. The graphite tube prevented the C12A7:e − from converting to its nonconductive eutectic (CA + C3A) [10] form when heated (through natural hollow cathode operation) and when in contact with tantalum. We believe the graphite provided an anionic template, as it does during the original formation process.
III. RESULTS

A. Cathode Operation
The start-up procedure for the C12A7:e − hollow cathode differed from that of traditional hollow cathodes, where a heater is used to bring the emitter material to a temperature at which it emits enough electrons to sustain a plasma discharge. In contrast, the C12A7:e − cathode is started at room temperature with a ∼1000 V keeper voltage and a ∼30-sccm gas flow rate. The actual keeper voltage needed for startup is inversely related to the mass flow rate, but, typically, a kilovolt is applied to the keeper and the mass flow rate is increased until the discharge was initiated. A 300-ballast resistor is placed in line with the keeper power supply to avoid momentarily large currents from flowing at the instant of discharge initiation [15] . After operation commences, we lowered the mass flow rate to the desired level and set the keeper current to 0.3 A in currentlimited mode.
To achieve reproducible operation, an electride insert needed to be operated for approximately 10 h and be shut-down and restarted several times [16] . Reproducible operation was quantified by comparing the barrel temperature and anode voltage at a given set point of discharge current of 3.5 A and flow rate of 4 sccm of xenon. Fig. 2 shows the preparation process for an insert, beginning with the first operation and ending after changes were no longer observed in the barrel temperature or anode voltage.
We believe the primary function of the preparation process is the elimination of surface contamination. In the context of other low work function emitting surfaces, the C12A7:e − surface was relatively dirty prior to operation due to graphite dust and debris, generated when slivers for the inserts were cut from the crucible using a dremel blade. Also, it should be noted that X-ray photoelectron spectroscopy of the C12A7:e − surface before cutting with the dremel blade showed that over 80% of the surface atomic composition was carbon. We took no special measures when storing the samples prior to their use in a cathode and typically exposed the samples to atmosphere for several weeks before they were used. Just prior to use, we wiped the samples with a dry lens cloth and avoided solvents to prevent disrupting the surface state.
To shut down the cathode, the anode and keeper power supplies were simultaneously turned OFF, and the cathode was allowed to cool radiatively while the gas flow was left on for several minutes. The different shut down procedures were not investigated. The effects of the naturally occurring plasma cleaning process and the quenching that occurred at shutdown may be observed in the data from runs 1 and 2 in Fig. 2 . Early in the preparation process, higher temperatures, and anode voltages and unstable operation were typical. As shown in Fig. 2 , this unstable behavior ceased through the course of several hours of operation and multiple restarts. The steadystate operation was characterized by constant temperature and anode voltage, both of which were lower than those observed early in the preparation phase. However, even after an insert had reached its steady-state operation, we observed slightly higher anode voltages in the first 10-30 min of operation. While some of this may be due to surface changes, it is unlikely that this is the primary cause because the duration and severity of the burn-in period after a start did not change when the cathode was exposed to atmosphere. It is hypothesized that a heaterless cathode will inherently be more variable at the beginning of a run due to the time needed to reach thermal equilibrium. Unlike traditional hollow cathodes, the C12A7:e − hollow cathode self-heated from room temperature to its operating temperature, all of which occurred after operation had begun. The insert that underwent the preparation process, as shown in Fig. 2 , was removed and installed in three new cathodes with orifice sizes of 0.76, 1.42, and 2.03 mm to study the effects of orifice size. The data from this paper are shown in Fig. 4(a) and (b) .
Once an insert performed reproducibly in the insert preparation configuration, it could be used in a finished cathode. The finished cathode had an enclosed graphite keeper, which precluded the use of a thermocouple to measure barrel temperature. Other than the keeper and the mounting bulkhead, the finished cathode had no other changes as compared with the insert preparation configuration. Fifty hours of operating time on xenon gas, including approximately 10 cold restarts and several exposures to atmosphere, were accumulated on a single insert in a finished cathode with no signs of degradation. A different insert was operated to discharge currents up to 15 A, which corresponds to a conservative estimate of 60 A/cm 2 if all emissions occurred due to the electride-coated sliver.
B. Iodine Testing
Iodine has recently attracted interest as an alternative electric propulsion propellant [17] - [20] . It has an atomic mass similar to xenon with slightly larger ionization cross sections (for both I and I 2 ). In addition, it can be stored in low pressure tanks in the solid phase, eliminating the need for the large, high pressure storage solutions mandated with xenon [18] . The increased reactivity when compared with xenon was a concern due to the halogenic nature of iodine [19] , especially when the susceptibility to contamination of Ba-W hollow cathodes was considered. Given the observed resistance to contamination of the electride, it appears to be an attractive alternative cathode technology, and a C12A7:e − hollow cathode was delivered to Busek Company Inc. to perform the iodine compatibility testing. Busek has spent several years developing an iodine propulsion program, which included a feed system [20] . The feed system incorporated a heated iodine reservoir with a pressure transducer that could be used to quantify the approximate flow rate. All lines between the reservoir and the cathode were heated to prevent iodine condensation. The reservoir was weighed after each day of operation, allowing for the development of a rough flow rate calibration curve from the measured reservoir pressure. The C12A7:e − hollow cathode testing was conducted in a 1.2-m diameter, 1-m long stainless steel diffusion-pumped chamber. The cathode was tested in a diode configuration with a ring anode and was successfully started on iodine from room temperature with no heater. Twenty hours of operation with iodine was accumulated on a single C12A7:e − insert with no signs of degradation. The 20-h period included multiple restarts from room temperature as well as several exposures to atmosphere, and no difficulty starting and operating the cathode was encountered. In one test, the anode voltage was measured at a constant iodine flow rate of approximately 13 sccm over a discharge current range from 3 to 15 A. The data from this test are shown in Fig. 3 . There is no obvious increase in anode voltage with increasing discharge current observed in Fig. 3 , as would be expected. However, if data were taken at higher discharge currents, the anode voltage would most likely be seen to increase abruptly, as has been seen in traditional hollow cathodes. The observed hysteresis between increasing and decreasing discharge currents is most likely due to an initially elevated anode voltage when the cathode was first started, which is generally observed to decrease and become constant in the first 30 min of operation.
IV. DISCUSSION
Due to the low work function of C12A7:e − and the success with which the cathodes started at room temperature, it was anticipated that the cathode would operate at much lower temperatures than traditional cathodes. Although under some conditions, such as low discharge currents below 2 A, operating temperatures below 650°C were observed, more typical operating temperatures were closer to those shown in Fig. 2 , with a cathode orifice size of 1 mm and a discharge current of 3 A. We believe these elevated temperatures are due to orifice heating that raises the temperature of the cathode wall to a value higher than the C12A7:e − needs to emit the required discharge current. Fig. 4 contains barrel temperature data collected with the same C12A7:e − insert placed within cathodes with three different orifice sizes. We made measurements as a function of both mass flow rate [ Fig. 4(a) ] and emission current [ Fig. 4(b) ]. If orifice heating was the primary factor in the high temperature of the cathode, one would expect to observe the temperature decrease significantly with increasing orifice diameter [1] . To a certain extent, this is what was observed since the cathode with the 0.76-mm orifice operated approximately 100°C hotter than the cathodes with the larger orifices. Interestingly, there did not appear to be a dramatic difference in operating temperatures between the cathodes with the 1.42 and 2.03-mm orifices. We believe that orifice heating ceased to be the primary contributing factor to the operating temperature at an orifice diameter between 0.76 and 1.42 mm. It can be observed that the operating temperature of the cathode with the 0.76-mm orifice are lower than they were during the preparation process, as shown in Fig. 2 . It is possible that the insert position may have been different between the two tests or that the thermocouple was not installed in precisely the same location on the two barrels.
A zero-dimensional model based on [1] , [21] , and [22] was constructed to predict the effects of both a low-work-function emission surface and a partially coated cathode interior. The model indicates that it is possible for a cathode with a 0.6-eV emission surface to operate at temperatures of approximately 1000°C because most of the surface area exposed to plasma heating is graphite that has a much higher work function than the insert. Future work will consist of modifying the cathode fabrication process to produce a radially symmetric insert to both increase the emission area and limit the plasma contact to only low-work-function surfaces.
V. CONCLUSION
A hollow cathode utilizing C12A7:e − as an insert has been developed and tested. The cathode has no heater, and is capable of starting near instantaneously from room temperature. Several cathodes have been fabricated and operated under different conditions, and a single insert was operated for 50 h with xenon with no sign of degradation. Furthermore, there appears to be no incompatibility between C12A7:e − and iodine after 20 h of operation at discharge currents up to 15 A.
